Objective-Marfan's syndrome is characterized by the formation of ascending aortic aneurysms resulting from altered assembly of extracellular matrix microfibrils and chronic tissue growth factor (TGF)-β signaling. TGF-β is a potent regulator of the vascular smooth muscle cell (VSMC) phenotype. We hypothesized that as a result of the chronic TGF-β signaling, VSMC would alter their basal differentiation phenotype, which could facilitate the formation of aneurysms. This study explores whether Marfan's syndrome entails phenotypic alterations of VSMC and possible mechanisms at the subcellular level. Approach and Results-Immunohistochemical and Western blotting analyses of dilated aortas from Marfan patients showed overexpression of contractile protein markers (α-smooth muscle actin, smoothelin, smooth muscle protein 22 alpha, and calponin-1) and collagen I in comparison with healthy aortas. VSMC explanted from Marfan aortic aneurysms showed increased in vitro expression of these phenotypic markers and also of myocardin, a transcription factor essential for VSMCspecific differentiation. These alterations were generally reduced after pharmacological inhibition of the TGF-β pathway. Marfan VSMC in culture showed more robust actin stress fibers and enhanced RhoA-GTP levels, which was accompanied by increased focal adhesion components and higher nuclear localization of myosin-related transcription factor A. Marfan VSMC and extracellular matrix measured by atomic force microscopy were both stiffer than their respective controls. 
M
arfan's syndrome (MFS) is a connective tissue disorder with pleiotropic manifestations affecting mainly the ocular lens, long-bone overgrowth, and dilatation of the proximal aorta, which leads to risk of death by aortic dissection and rupture. 1 MFS is caused by mutations in the gene encoding fibrillin-1, which is the major component of extracellular microfibrils and acts as a scaffolding protein for elastin deposition and the formation of elastic fibers. It is widely accepted that MFS arises from a combination of interference with the normal assembly of microfibrills and enhanced transforming growth factor-beta (TGF-β) activation and signaling. 2 Despite the identification of distinct TGF-β signaling pathways involved in the pathogenesis of Marfan aneurysm, [3] [4] [5] the mechanisms contributing to aneurysm development remain an open study field.
In healthy mature blood vessels, vascular smooth muscle cells (VSMC) proliferate extremely slowly, display little synthetic activity, and express a unique set of contractile components, namely α-smooth muscle actin (α-SMA), smooth muscle myosin heavy chain, smooth muscle protein 22 (SM22α or transgelin), and calponin. [6] [7] [8] [9] [10] [11] Their expression leads to a characteristic contractile or differentiated phenotype, which regulates blood vessel diameter and blood flow. However, vascular remodeling during normal development or in pathogenic conditions induces VSMC to acquire a synthetic and proliferative state, which alters their capacity to generate extracellular matrix (ECM) proteins, such as collagens, or the expression of the contractile machinery, or both. [6] [7] [8] Therefore, VSMC are plastic cells that may undergo reversible phenotypic changes in response to local growth factors, reactive oxygen species, mechanical forces, and alterations in ECM. [12] [13] [14] [15] [16] Their collective interactions and signaling interplay determine the final phenotypic characteristics of VSMC in tissue. TGF-β and its family members are among the most potent soluble factors that promote and maintain the VSMC contractile phenotype by upregulating smooth muscle structural genes and at the same time reducing VSMC proliferation and migration. 6, 14, 17, 18 However, TGF-β has bifunctional effects because it can also increase VSMC proliferation and migration. [19] [20] [21] Nonetheless, it is believed that VSMC differentiation and proliferation are not necessarily mutually exclusive, which would facilitate VSMC response and adaptation to a wide variety of pathophysiological conditions. Deregulation in VSMC differentiation occurs in cardiovascular pathologies, such as atherosclerosis and intimal hyperplasia, as well as in aortic aneurysms, [22] [23] [24] [25] [26] but its occurrence and relevance in the pathogenesis and progression of human Marfan aortic aneurysms has not been explored in detail.
In this study, taking into account the role of TGF-β signaling in the pathogenesis of MFS, we have characterized the cellular phenotype of human Marfan VSMC both in aortic tissue and in cell culture. We confirm previous reports of intrinsic overactivation of TGF-β signaling in VSMC within the medial layer of MFS aortic tissue, as compared with healthy subjects. Concomitantly, expression of contractile proteins is enhanced and collagen I accumulate strongly. VSMC isolated from Marfan patients and maintained in culture also showed these phenotypic changes, which were reduced by the pharmacological inhibition of TGF-β signaling. Alterations in actin stress fibers and increased RhoA signaling were also evident in Marfan VSMC in culture, which correlates with increased VSMC and ECM stiffness. All these alterations are discussed in reference to the signaling and mechanical dysfunctions occurring in the dilated aorta of Marfan patients.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Human Marfan Aortic Aneurysms Overexpress Both Contractile and Secretory Phenotypic Markers
We first assessed the basal level of TGF-β signaling activation in patients with Marfan syndrome 27 and control samples. To this end, pSMAD2 levels were measured by immunohistochemistry in dilated (lesion) and distal visually nondilated (nonlesion) zones of Marfan aortic aneurysms. For each aortic tissue sample, we examined the organization of elastic fibers (an example is given in upper panel in Figure 3A ). Aneurysmal aortic segments showed nuclear accumulation of pSMAD2 ( Figure 1 ) than healthy aortas and even than nondilated zones. These results indicate that TGF-β signaling is enhanced in aortic aneurysms of Marfan patients.
Because TGF-β is a potent inducer of the phenotypic differentiation of VSMC, we examined the expression of phenotypic markers of the contractile and secretory or synthetic VSMC phenotypes. The former were represented by SMA, calponin-1, smoothelin, and SM22α/transgelin; the latter by collagen I. Immunostaining showed increased expression of calponin-1 and smoothelin in dilated zones of the tunica media of Marfan aneurysms. SMA and SM22α also increased albeit not significantly. In adjacent nondilated zones, only smoothelin was significantly enhanced (Figure 2A ). Immunoblotting of protein extracts from the tunica media (excluding intima and adventitia layers) showed that calponin-1 and SM22α protein levels significantly increased in the dilated and nondilated segments of the Marfan aorta. Smoothelin also increased in the aneurysmal aorta, but its expression varied between samples ( Figure 2B ). Thus, both technical approaches indicate that Marfan aortic aneurysms variably overexpress contractile protein markers. On the contrary, collagen I content increased only in the dilated segment of Marfan aortas, which invariably correlated with the extensive breakage of elastic fibers ( Figure 3A) . Curiously, in the dilated zone, stronger collagen I staining was usually observed in the tunica media that limits with the intima and adventitia layers, but in nondilated zones and in healthy aortas, it was only seen in the tunica media adjacent to the intima ( Figure 3A) . Taken together, these data indicate that VSMC of the tunica media of dilated (lesion) zones of Marfan aortic aneurysms variably overexpress both contractile protein markers and collagen I.
VSMC explanted from human Marfan aortic aneurysms show TGF-β-dependent phenotypic changes accompanied by enhanced RhoA signaling and actin cytoskeleton and focal adhesion rearrangements. To explore the molecular mechanisms responsible for the phenotypic changes observed in Marfan aneurysm aortic tissue, we cultured VSMC explanted from the tunica media. We first tested whether cultured Marfan VSMC also showed the overactivation of TGF-β signaling pathway seen in human aortic aneurysms (Figure 1 ). We observed (1) enhanced basal pSMAD2 and pSMAD3 protein levels ( Figure 4A ) and nuclear accumulation of both pSMADs ( Figure 4B ); and (2) increased total TGF-β levels in the extracellular medium (conditioned medium; Figure 4C ), which in turn increased the pSMAD2 signal response in hepatocarcinoma Hep3B cell line 28 ( Figure 4D ). Moreover, the previous incubation of conditioned media with a neutralizing anti-TGF-β antibody, which was subsequently added to Hep3B cells to evaluate the nuclear translocation of SMAD2, indicated that Marfanconditioned medium contained more active TGF-β than that Figure I in the online-only Data Supplement). To assess whether these phenotypic changes occurred at transcriptional level, mRNA expression levels were measured. Regarding the contractile protein markers, only calponin-1 (CNN1) transcript levels increased strongly in all Marfan cells examined ( Figure 5B ). In contrast, no transcriptional changes occurred for SMA (ACTA2) or smoothelin (SMTN), and the alterations were strikingly reduced for SM22α (TAGLN; Figure 5B ). In Marfan cells, LY36497 reduced the transcriptional expression of all contractile markers examined.
Nonstandard Abbreviations and Acronyms
Critical in VSMC differentiation is myocardin (MYOCD), which usually requires serum response factor (SRF) for the transcriptional transactivation of VSMC-specific genes. 29 Marfan VSMC showed strong transcriptional upregulation of MYOCD but not of SRF, whereas both were sensitive to LY364947 ( Figure 5B ). We also evaluated the well-known TGF-β downstream gene targets plasminogen activator inhibitor type-1 (PAI1) and connective tissue growth factor (CTGF). 30 Unexpectedly, CTGF expression was unchanged and PAI1 even decreased in Marfan VSMC. However, as observed for SRF, both were highly sensitive to LY36497. In contrast to clonal and other primary cell types, VSMC already show a variable baseline expression of TGF-β gene targets, which could mask the expected upregulation of these characteristic TGF-β downstream genes. To evaluate this possibility, control VSMC were treated with exogenous TGF-β, and MYOCD, SRF, PAI-1, and CTGF mRNA levels were compared. MYOCD expression increased much more than SRF, PAI1, or CGTF (5-fold versus 1.5-, 1.6-, and 1.9-fold, respectively; Figure V in the online-only Data Supplement), which indicates that myocardin is by far the preferential target of the TGF-β overactivation occurring in Marfan VSMC. As representative of TGF-β-regulated ECM proteins, we examined collagen I (COL1A1) and elastin (ELN) mRNA levels. Unlike ELN, COL1A1 was transcriptionally upregulated, but both were highly sensitive to LY364947 in Marfan cells ( Figure 5C ). In addition, Marfan cells produced a denser collagen ECM in culture ( Figure 5D ) and their extracellular medium contained more collagen than control ( Figure 5E ). Taken together, these results show that human Marfan VSMC in culture retain the phenotypic expression changes occurring in aortic aneurysms and implicate myocardin as the main agent responsible.
The expression of contractile protein markers by Marfan VSMC may affect actin cytoskeleton organization and its regulation. In this respect, Marfan cells showed more robust actin stress fibers, which were identified by their more compact organization and stronger fluorescence than control cells ( Figure 6A ). This morphological observation was confirmed biochemically by the higher filamentous (F)/globular (G)-actin ratio of Marfan cells compared with control cells ( Figure 6B ). LY364947 treatment abolished the actin stress fiber rearrangement ( Figure 6A /+LY). In addition, active RhoA (GTP-bound RhoA) levels increased in Marfan cells ( Figure 6C ). It is known that in response to RhoA signaling, the myocardin family member myocardin-related transcription factor is diverted to the nucleus and correlates with the differentiated VSMC phenotype. 31 Unlike myocardin, myocardin-related transcription factor-A (MKL1) mRNA levels were similar in Marfan and control VSMC ( Figure VIA VSMC can regulate the contractile tone of the aorta through the differential expression of contractile proteins and dynamic changes in actin cytoskeleton organization and its regulatory signaling. 32 Consequently, (sub)cellular processes that rely on them should also be perturbed. To this end, we tested the stiffness of VSMC and secreted ECM by measuring the Young (or elastic) modulus by atomic force microscopy. Marfan VSMC were stiffer than control cells ( Figure 6D, upper panel) . Similar results were also obtained with the secreted ECM ( Figure 6D, lower panel) . The density and plasma membrane distribution of focal adhesions (FA) is another important regulator of total aortic stiffness and stress. 33 Marfan VSMC expressed more focal adhesion kinase and paxillin (and their respective active phosphorylated forms) than control cells ( Figure 6E ). Analysis of FA localization in the plasma membrane showed that in Marfan cells, they were widely distributed on the ventral cell surface in contrast to control cells, where they were largely restricted to the cell periphery ( Figure 6F ). Because the actin cytoskeleton organization as well as the density and the subcellular distribution of FA influence cell migration, we next examined the migration capacity of cells in culture. We observed that Marfan VSMC migrated less than control cells ( Figure  VII in the online-only Data Supplement). Overall, contractile phenotypic overexpression shown in Marfan cells is accompanied by increased GTP-bound RhoA levels that contribute to a more compact actin stress fiber, focal adhesion rearrangement, and reduced migration. These contractile-associated alterations together with overexpressed collagen I lead to a significant increase in VSMC and ECM stiffness.
Discussion
The major findings of the present study are that aortic aneurysms from Marfan patients show overexpression of contractile protein markers and collagen I, which to a large extent are associated with TGF-β signaling overactivation. VSMC explanted from Marfan aneurysms and kept in culture retain this TGF-β overactivation and the phenotypic changes. Overexpression of contractile markers is accompanied by increased active RhoA protein levels, more robust actin stress fibers, and rearrangement of FA. Contractile phenotypic changes could probably be triggered by the overexpression of myocardin, whose expression is dependent on TGF-β. Likewise, Marfan VSMC and their secreted ECM are stiffer than their respective controls. This is the first study in which VSMC phenotypic changes are extensively examined in human Marfan aortic tissue and in culture.
Overactivation of the TGFβ-SMAD Signaling in Marfan Aortic Aneurysms and Explanted VSMC
The samples from Marfan aortic aneurysms showed an upregulated TGF-β/SMAD signaling pathway, as previously reported in murine models and patients with Marfan syndrome. [3] [4] [5] [34] [35] [36] [37] Increased TGF-β/SMAD signaling was maintained (to a variable extent) in VSMC explanted from aortic aneurysmal zones, as indicated by their high pSMADs2/3 protein levels and nuclear localization. This enhanced TGF-β/SMAD signaling was usually seen over several cycles of cell division (data not shown), in spite of the fact that cultured VSMC from normal aortic tunica media lose their initial differentiation state and acquire a more synthetic phenotype after a few passages. 38 The finding of high levels of TGF-β in the extracellular medium in Marfan VSMC suggests an autocrine loop, which would explain the chronic activation of the canonical TGF-β signal pathway, as reported in VSMC derived from human abdominal aortic aneurysms. 39 The high levels of active TGF-β could be attributed to the reduced TGF-β reservoir capacity of the defective extracellular assembly of fibrillin-1 microfibrills 40, 41 or to epigenetic modifications, 42, 43 or both. In any case, they are not caused by the transcriptional increase of TGF-β itself, TGF-β receptors, or other downstream molecular components of the signaling pathway (see Results in the online-only Data Supplement). Although cultured Marfan VSMC show intrinsically enhanced TGF-β activation, they still respond to exogenous TGF-β. This indicates that Marfan cells can still modulate the signaling response to the cytokine, more for SMAD2 than for SMAD3. This result is consistent with immunohistochemical findings reported in MFS and bicuspid aortic valve aortic aneurysms and cultured VSMC. 37 However, in contrast to earlier reports that PAL1 was upregulated in aneurysmal aortae of different pathogenesis (which includes Marfan syndrome samples), 36 in the Marfan cultured VSMC studied here its expression decreased (see below). Moreover, in the previous study, no significant differences in active TGF-β levels between aneurysmal and control conditioned media were detected, 36 which again contrasts with our findings. However, these authors do not distinguish between the diverse pathogenesis of the aneurysms examined, and we here evaluated only VSMC-conditioned media from Marfan aortic aneurysms. On the other hand, the difference between SMAD2 and SMAD3 responses could be related to the connective tissue remodeling response because SMAD3 directly affects myofibroblastic differentiation and vascular fibrosis. 44, 45 In sum, as seen in Marfan aortic tissue, the enhanced canonical TGF-β/SMAD pathway in human VSMC in culture validates their use in the study of molecular impairments occurring in MFS and related diseases.
Pathophysiological Significance of Phenotypic Changes of VSMC in Marfan Syndrome
Regulation of the VSMC phenotype is a complex, multifactorial process involving TGF-β and other pathways, [6] [7] [8] 14 whose primary molecular mechanism(s) could be multiple and concurrent. For instance, some microRNAs directly regulate the phenotype of VSMC. [46] [47] [48] Here we show that tunica media of Marfan aortic aneurysms and explanted VSMC overexpress a variety of contractile markers, which could be triggered by the overexpression of myocardin, which induces the expression of contractile differentiation markers in a TGF-β-dependent manner. 29, 49 This regulation is usually performed through SRF-dependent gene transcription, but Marfan cells do not show changes in SRF expression, the basal levels of which are much higher than those of myocardin. In any case, we cannot rule out that myocardin may also act independently of SRF. 50 Therefore, myocardin seems as one of the main TGF-β targets that trigger the overexpression of contractile proteins in Marfan VSMC. Interestingly, contractile protein upregulation occurs in parallel to (and not in contraposition to) that of collagen I. At first glance, the acquisition of a contractile profile would be expected to antagonize the secretory response necessary for aortic tissue remodeling. However, coexpression of characteristic protein markers of secretory and contractile phenotypes are not necessarily mutually exclusive, and they could take place simultaneously in response to local requirements and to the presence of both stimulatory and inhibitory factors or mechanical streching. 6, 14 The overexpression of collagen I is a paradigm in fibrotic disease in which TGF-β is a key fibrogenic cytokine. 51 Under chronic TGF-β activation, both Marfan aortic tissue (in dilated zones) and cultured VSMC show higher expression of collagen I. In the aneurysmal aortic wall, this local fibrotic-like response could be aggravated by the fact that aortic dilatation is accompanied by VSMC apoptosis (also seen in our samples; not shown), [52] [53] [54] which together with the known increased activity of matrix metalloproteinases and elastolysis promotes destructive remodeling and scarring of the tunica media. Such destruction in turn leads to a sustained vicious cycle of ongoing fibrilogenesis, impairing the necessary coordination between contractile and elastic forces, which, respectively, depend on cells and the ECM. We predict that in MFS, primary injury in the extracellular elastic component of tunica media aortic wall concomitantly to chronic TGF-β signaling induces VSMC to express not only more contractile molecular machinery but also more collagen I, thus contributing to aortic stiffness [55] [56] [57] [58] [59] and subjacent mechano-transduction properties of vascular cells 32, 33, 60 (see below). Although we do not know when these changes become pathological, they may begin during development and perhaps associated with the different embryonic origin and TFG-β sensitivity of VSMC in ascending aorta. 61 Changes in the VSMC phenotype are also reported in other aortic aneurysms 21, 22 in a murine model of MFS. 62 Our results are largely coincident with those obtained after the proteomic analysis of the tunica media of human Marfan aneurysms, 63 which report strong upregulation of calponin1, filamin A, and vinculin among other contractile proteins. However, this coincidence does not extend to transgelin (SM22α), which in the study by Pilop et al 63 was downregulated, but that in our Marfan aortic aneurysms showed variability and even reduced at transcriptional level in cultured Marfan cells. Moreover, VSMC explanted from heterozygous TGFβR2 mutations decreased global expression of contractile proteins and failed to increase their expression after exposure to the cytokine, which was attributed to the disruption of TGF-β signaling. 24 That study, together with the work reported here in Marfan patients, reinforces the significance of TGF-β signaling in regulating the expression of contractile proteins and matrix proteins in VSMC, and therefore, in the final contractile state of aortic tunica media, which is determinant in the development of aneurysms, primarily in ascending aorta. Conceivably, the effect of TGF-β in all these phenotypic changes might be tempered, as typical unregulated TGF-β downstream genes, such as SRF and CGTF, are not perturbed in Marfan VSMC.
However, control VSMC already show high baseline transcript levels of these genes and subsequent addition of TGF-β causes only a minor (although significant) increase compared with that for MYOCD. In VSMC, the threshold required for TGF-β levels to increase the expression of these genes may be much higher than in other cell types. Therefore, distinct signal intensities would elicit differential gene expression depending on the cell type and tissue context. 30 If so, Marfan VSMC would need to be exposed to even higher TGF-β levels than control cells to switch on putatively less sensitive genes to TGF-β, such as MYOCD and CNN1.
Pathophysiological Relevance of the Alterations in the Organization and Regulation of the Actin Cytoskeleton and Focal Adhesions in Marfan VSMC
Many of the contractile markers studied here participate in pathways that regulate the plasticity and organization of the actin cytoskeleton to obtain contractile properties. Concomitantly to the acquisition of a more contractile phenotype, human Marfan VSMC show (i) an increase in RhoA-GTP levels, accompanied by more robust actin stress fibers and greater cellular stiffness; (ii) enhanced FA components with altered distribution in the plasma membrane; and (iii) a reduced migration capability. The increase in F/G-actin ratio (indicative of more filamentous actin) and the more robust actin cables in Marfan VSMC are crucial to the generation of mechanical tension. 64, 65 Together with the overexpression of contractile proteins, this increases the stiffness of the VSMC themselves, 32, 66 which affects the contractile tone of the Marfan ascending wall. [55] [56] [57] [58] [59] The more robust stress fiber organization of Marfan cells most likely result from the higher activation of RhoA, which is critical to the regulation of contractility and differentiation of VSMC through the activation of the noncanonical TGF-β signaling pathway. 67, 68 RhoA also mediates in the assembly of FA signaling complexes (adhesomes). 65, 69 The fact that Marfan VSMC and ECM are both stiffer than their respective controls likely contribute to alterations in FA and therefore to mechano-transduction responses. 60 Importantly, the aortic wall of thoracic aortic aneurysm patients with ACTA2 and MYH11 mutations also shows upregulation of TGF-β signaling. 70, 71 This points to a functional link between TGF-β and VSMC contractility alterations 72 that would involve actin-based modifications, which is indeed what we observe in cultured Marfan VSMC.
Finally, a unique feature of the present study is the comparison between dilated and nondilated zones of human Marfan aortic aneurysms, which aimed to identify exclusive markers of the aneurysmal area. In general, immunohistochemical and Western blotting results indicate that the acquisition of a more contractile phenotype is inherent not only to the Marfan aortic aneurysm, but also to the adjacent nondilated zones, where disruptive molecular events take place without apparent histopathologic damage, but with known biomechanical consequences, such as increased aortic stiffness. [57] [58] [59] [60] 73 The response of collagen I seems to be different. Its overexpression perturbs the tissue organization of the Marfan aortic wall, indicating an adaptive fibrotic response to the elastic fiber disruption in response to TGF-β and biomechanical alterations, which renders the aortic wall relatively inextensible. 74 Whether this accumulation of fibrillar collagen accelerates the development of aortic aneurysms, or conversely, constitutes an initial beneficial response to hemodynamic stress and tissue deformation, is unclear. The more intense staining for collagen I in the media that limits intima and adventitia layers may represent a local response of VSMC (and myofibroblasts) to reinforce the aortic wall and to compensate, at least partially, for the severe loss of elasticity in the dilated aortic zone.
In conclusion, we report that Marfan VSMC in culture and in aortic tissue undergo phenotypic changes in which TGF-β plays a significant role. The overexpression of contractile machinery, accompanied by a rise in collagen I expression and secretion, increases intrinsic cellular and ECM stiffness, which together contribute to the aortic rigidity that usually precedes or accompanies aneurysm formation in MFS.
